Influence of the buffer layers on magnetic properties of FePt (001) films sputter-deposited at reduced temperature
Anomalous Hall effect ͑AHE͒ in ferromagnetic metallic films, particularly in 3d transition metallic films, has been studied extensively because of its intriguing physics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Two major issues are concerned, i.e., the scaling law between the AHE resistivity xy and the longitudinal one xx and the effect of spin-orbit coupling ͑SOC͒ on the anomalous Hall conductivity ͑AHC͒. The scaling law of xy = a xx + b xx 2 is shown both theoretically and experimentally, where the first term arises from the extrinsic skew scattering at impurity sites and the second one corresponds to the extrinsic sidejump and the intrinsic Karplus-Luttinger terms.
2-4,6,7 Accordingly, the AHC xy Ӎ −a xx − b when xy Ӷ xx , where xx =1/ xx . When a and b are a priori assumed to be temperature ͑T͒-independent, xy has a linear dependence on xx . As for the second issue, the SOC effect on the AHC has been studied theoretically. 7, 8, 10 It is a great experimental challenge because it is hard to find ferromagnetic materials in which the SOC strength ⌬ SOC ͑=l ជ · s ជ͒ can be easily tuned while the exchange split energy is fixed. Very recently, the effect of the SOC on the AHC has been studied by using L1 0 FePt and FePd films, 12 in which a and b were still believed to be T-independent despite the low Curie temperatures of these films. In this letter, we have studied the effect of the chemical ordering on the AHC in L1 0 FePt films. a and b below 300 K are of the same temperature dependence factor as the spontaneous magnetization M S . At the specific temperature, the values of a and b depends on the chemical ordering degree S. This work will facilitate the design and fabrication of AHE devices and also shed light on the understanding of large perpendicular magnetic anisotropy in L1 0 FePt films.
A series of 10 nm L1 0 Fe 50 Pt 50 ͑=FePt͒ films with varying S were grown on MgO͑001͒ substrates by dc magnetron sputtering at different substrate temperatures. The microstructure and the film thickness were identified by x-ray diffraction ͑XRD͒ and x-ray reflectivity ͑XRR͒, respectively. The films were patterned into normal Hall bar and the Hall resistance H was measured from 5 to 300 K. The longitudinal resistance xx was also measured in the same T regime at zero external magnetic field. In experiments, the magnetoresistance of all samples is less than 0.5%. M S was measured as a function of T by the physical property measurement system of Quantum Design Inc.
Deposited at ambient temperature, the FePt film is of the fcc structure with ͑111͒ preferred orientation. At high substrate temperatures, L1 0 ͑001͒ and ͑002͒ peaks appear near 2 = 24°and 2 = 48°, respectively, as shown in Fig. 1͑a͒ . S was calculated from the intensities of ͑001͒ and ͑002͒ peaks 13 and is found to increase from 0 to 0.74 when the substrate temperature is raised. Since the lattice constant along the c axis decreases from 0.382 to 0.374 nm, the long range chemical ordering and the lattice distortion happen simultaneously. Due to its crucial importance in measurements of xy and xx , the film thickness was measured by XRR at small angles, as shown in Fig. 1͑b͒ , and found to be 10Ϯ 0.5 nm. Figure 1͑c͒ shows typical Hall loops at 5 K. For S =0, the Hall loop is slanted with the hard axis along the film normal direction. For large S, the loop becomes squared with large coercivity, exhibiting perpendicular magnetic anisotropy. In the Hall loop of ferromagnetic films, Hall resistivity H = R O H +4M͑H͒R S , where R O and R S are coefficients of ordinary and anomalous Hall effects, respectively. By extrapolating the saturation curve of H versus H, xy is achieved and found to decrease for large S.
14 As shown in Fig. 1͑d͒ , for S = 0.74, the normalized M S decreases by about 15% with T rising from 5 to 300 K. Apparently, the M S reduction cannot be ignored because the Curie temperature of 700-750 K is not sufficiently high. 15 Moreover, for S = 0.74, M S obeys T 2 linear dependence, hinting either the excitation of interacting spin waves or long-wavelength, a͒ Author to whom correspondence should be addressed. Electronic mail: shizhong@tongji.edu.cn.
low-frequency fluctuations. 9, 16 For all samples, one has M S = M 0 f͑T͒, where M 0 and f͑T͒ are the spontaneous magnetization at 0 K and the T dependence factor, respectively.
Figures 2͑a͒ and 2͑b͒ show that xx and xy both increase with T but decrease with S. xx approaches the residual resistance 0 near T = 0 K. At high T, the T dependence of xx can be approximately fitted by a linear function of T 2 , indicating the contribution of spin flip scattering as observed in other itinerant ferromagnets. 17, 18 This is because the onemagnon scattering process leads to the T 2 dependence of the resistivity when there are spin-up and spin-down electrons at the Fermi surface. 0 becomes small for high S, possibly due to both the improvement of the crystalline quality and reduction of the density of static defects at elevated substrate temperatures. Figure 3͑a͒ shows typical curves of xy versus xx as a function of T. Apparently, for all samples, results cannot be described either by the relationship of xy ϰ xx n or by the linear function of xx . 19 As analyzed below, this is because for L1 0 FePt films, the effect of varying M S cannot be neglected due to the low Curie temperature and thus a and b are T-dependent. Actually, the intrinsic AHC is proved to be proportional to M S as a function of T by both the KarplusLuttinger model and the integration of the Berry curvature. 2, 9 The same dependence has been observed in Ni alloys, Heusler alloys ͑CoMnSb, NiMnSb, and Co 2 CrAl͒, Si-based magnetic semiconductors, and other ferromagnetic compounds. 9, 17, [20] [21] [22] [23] [24] It has also been pointed out that the skew scattering contribution to the AHC is also proportional to M S . 10, 25 Therefore, one has the following relationship: 
͑4͒
Fortunately, the measured xy0 can be fitted by a linear function of xx , as shown in Fig. 3͑b͒ . Such salient linear dependence, in turn, proves the validity of the assumption that for FePt films, a and b are proportional to M S in the sampling T region. They are equal to a 0 and b 0 at T = 0 K and approach zero near Curie temperature. In contrast, for magnetic materials with high Curie temperatures such as Fe and Co, M S in the T region from 5 to 300 K is almost constant, leading to T-independent a and b. Figures 4͑a͒ and 4͑b͒ show the variations of a 0 and b 0 with S. a 0 changes from the large negative to the small positive when S increases from zero to 0.74. This is caused simultaneously by the extrinsic attribute of a 0 and the reduction of the static defects at high S. 26 b 0 is equal to 750 S / cm for S = 0 and increases up to 920 S / cm at high S. For comparison, the data of a 0 and b 0 are given for 20 nm L1 0 FePt films. Since the value of b 0 is almost identical for different thickness, it is suggested to come from the intrinsic KarplusLuttinger term. Furthermore, the intrinsic AHC is theoretically predicted to increase linearly at small SOC and to reach saturation for large SOC. 7 Since the exchange split energy changes little, as demonstrated by the experimental evidence that the effective spin magnetic moment does not change much during the phase transformation from the disordered to the ordered, 27 ,28 the variation of b 0 , in turn, indicates the enhancement of the SOC strength, which is also demonstrated by the enhancement of magneto-optical Kerr effect and spin Hall effect. 29, 30 For the disordered FePt films, opposite signs of a 0 and b 0 indicate that the skew scattering contributes to the AHC in an opposite way to that of the Karplus-Luttinger term, as observed in bcc Fe films. 11 In a short summary, for L1 0 FePt films, the T 2 dependence of xx has been observed. For a specific S, xy = xy0 f͑T͒ and xy0 =−a 0 xx − b 0 . For a 0 , the sign changes and its magnitude is reduced with increasing S. More remarkably, b 0 increases slightly and the ⌬ SOC is enhanced by the chemical ordering. The present state of the art results will also be helpful to study electronic structure of L1 0 FePt films. 
